10/553227 

JC09Rec'dPCT/PTO 14 0CT2QM, 



i • ' 

DESCRIPTION • 

t 

LIGHT AMPLIFYING FIBER, AND LIGHT AMPLIFYING METHOD, 
LASER OSCILLATION METHOD, LASER AMPLIFYING APPARATUS AND 
5 LASER OSCILLATION APPARATUS USING THE LIGHT AMPLIFYING 
FIBER, AS WELL AS LASER APPARATUS AND LASER PROCESSING 
MACHINE USING THE LASER OSCILLATION APPARATUS 

TECHNICAL FIELD - 
1 0 The present invention relates to a light amplifying fiber containing a 

laser medium, and a light amplifying method, a laser oscillation method, a laser 
amplifying apparatus and a laser oscillation apparatus using the light 
amplifying fiber, as well as a laser apparatus and a laser processing machine 
using the laser oscillation apparatus. In particular, it relates to an 
1 5 achievement of small size and high efficiency thereof. 

BACKGROUND ART 

Recently, in the field of material processing, laser processing has been 
generally spread widely as one of the processing techniques. For example, it 

20 has been recognized that laser welding and laser cutting provide higher 
processing quality as compared with other techniques. Market demands 
further high quality and high speed processing and also demands a laser 
oscillation apparatus and a laser amplifying apparatus which generates and 
emits a single mode laser light having a high output property, high efficiency, 

25 and a high light-collecting property, that is, having good beam quality (high 
beam quality). 

In a conventional laser oscillation apparatus, a fiber in which a laser 
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medium is added for realizing high output and a fiber for transmitting 
excitation light are disposed in adjacent to each other, and between the fibers, a 
material having a predetermined refractive index is filled. Such a 
conventional technology is described in, for example, Japanese Patent 
5 Unexamined Application No. 59*114883 and U.S. Patent Application 
Publication No. 4938561. 

Fig. 8A shows a conventional laser oscillation apparatus. Laser 
oscillation apparatus 100 includes excitation fight amplifying fiber 101 for 
transmitting excitation light, laser fight amplifying fiber 102 containing a laser 
1 0 medium and coupling chamber 103. Excitation light amplifying fiber 101 and 
laser fight amplifying fiber 102 are disposed in adjacent to each other. 
Coupling chamber 103 includes excitation light amplifying fiber 101 and laser 
light amplifying fiber 102 and is filled with a material having a predetermined 
refractive index. 

1 5 Fig. 8B is a sectional view taken along line 8B-8B of Fig. 8A. 

On both ends of laser light amplifying fiber 102, a final-stage mirror 
(not shown) for reflecting laser light and an output mirror (not shown) for 
taking out a part of laser light and reflecting the rest of the laser fight are 
disposed. By the effect of these mirrors, laser light undergoes multiple 
20 feedback amplification. 

Then, the operation of laser oscillation apparatus 100 is described. 
Excitation light propagating in excitation fight amplifying fiber 101 enters laser 
light amplifying fiber 102 to excite the laser medium in coupling chamber 103. 
With the excitation and multiple feedback amplification, laser light is generated 
25 and emitted. 

However, when high output is intended to be obtained in conventional 
laser oscillation apparatus 100, an excitation source is a high-output 
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semiconductor laser, and the diameter of the excitation light amplifying fiber 
101 is increased to be as large as about 100 ^im. Therefore, for achieving high 
output, in order to allow the excitation light to enter the laser medium 
efficiently, the diameter of laser light amplifying fiber 102 is desirably equal to 
5 or larger than the diameter of excitation light amplifying fiber 101. However, 
in such a case, the beam quality is deteriorated. 

On the other hand, to obtain laser light having good beam quality (high 
beam quality laser light), the diameter of laser light amplifying fiber 102 must 
be small. In general, in a case of near infrared laser light used for laser * 

1 0 processing, for obtaining a high quality single mode laser fight having good 
beam quality, the diameter of the laser light amplifying fiber must be about 6 
fxm to about 10 \im. Therefore, a conventional laser oscillation apparatus has a 
problem that high output and high beam quality laser light cannot be obtained. 
The present invention provides a light amplifying fiber and a light 

1 5 amplifying method capable of obtaining high output and high beam quality 
laser fight and realizing a small size and high efficiency. 

SUMMARY OF THE INVENTION 

The laser oscillation apparatus of the present invention includes a first 

20 waveguide for transmitting excitation light; a second waveguide composed of a 
core containing a laser medium and generating laser light and a clad for 
transmitting the excitation light; and third waveguide including the first 
waveguide and the second waveguide. The refractive indices of the first 
waveguide, the clad of the second waveguide, the core of the second waveguide 

25 and the third waveguide respectively denoted by nl, n2, n3 and n4 satisfy a 
relation* nl < n4 < n2 < n3. Such a configuration can optimize the 
combination of a light amplifying fiber, an excitation source and a feedback 
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means. Consequently, it is possible to provide a laser apparatus for allowing 
the excitation light to enter a small- diameter excitation medium efficiently and 
emitting high-output and high beam quality laser light efficiently. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1A illustrates a laser oscillation method and a laser oscillation 
apparatus using a light amplifying fiber in accordance with a first exemplary 
embodiment of the present invention. 

Fig. IB is a sectional view taker- along line IB- IB of Fig. 1A. 

Fig. 2A illustrates a laser oscillation method and a laser oscillation 
apparatus using a light amplifying fiber in accordance with a second exemplary 
embodiment of the present invention. 

Fig. 2B is a sectional view taken along line 2B-2B of Fig. 2A. 

Fig. 3A illustrates a light amplifying method and a laser amplifying 
apparatus using a light amplifying fiber in accordance with a third exemplary 
embodiment of the present invention. 

Fig. 3B is a sectional view taken along line 3B-3B of Fig. 3A. 

Fig. 3C is a sectional view taken along line 3C-3C of Fig. 3A. 

Fig. 4A illustrates a light amplifying method and a laser amplifying 
apparatus using a light amplifying fiber in accordance with a fourth exemplary 
embodiment of the present invention. 

Fig. 4B is a sectional view taken along line 4B-4B of Fig. 4A. 

Fig. 4C is a sectional view taken along line 4C-4C of Fig. 4A. 

Fig. 5 illustrates a laser oscillation method, a light amplifying method 
and a laser apparatus using a fight amplifying fiber in accordance with a fifth 
exemplary embodiment of the present invention. 

Fig. 6A illustrates a laser oscillation method and a laser apparatus 



using a light amplifying fiber in accordance with a sixth exemplary embodiment 
of the present invention. 

Fig. 6B is a sectional view taken along line 6B-6B of Fig. 6A. 
Fig. 7A illustrates a laser oscillation method and a laser oscillation 
5 apparatus using a light amplifying fiber in accordance with a seventh 
exemplary embodiment of the present invention. 

Fig. 7B is a sectional view taken along line 7B-7B of Fig. 7A. 
Fig. 7C is a sectional view taken along line 707C of Fig. 7A. 
a Fig. 8A illustrates a conventional laser apparatus. 
10 Fig. 8B is a sectional view taken along line 8B-8B of Fig. 8A. 

REFERENCE MARKS IN THE DRAWINGS 
10a, 10b semiconductor laser 
11, 11a, lib lens 
1 5 12 final-stage mirror 
13 output mirror 

14, 15, 15b, 15c semiconductor laser 
16, 16b, 16c fiber 
21,31,71 first waveguide 
20 22, 32, 62, 72 second waveguide 

23, 33, 63, 73 core 

24, 34, 64, 74 clad 

25, 27, 35, 45, 65, 75 third waveguide 

28, 28b, 28c, 30, 40, 60, 70 light amplifying fiber 
25 51 laser oscillation apparatus 

52, 53 laser amplifying apparatus 

77a, 77b, 77c excitation light transmitting fiber 
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77d, 77e, 77f excitation light transmitting fiber core 

78 high-reflection FBG 

79 transmission FBG 
81a, 81b, 81c idle region 

5 82a, 82b filling region 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

(FIRST EXEMPLARY EMBODIMENT) 

Fig. J.A illustrates a laser oscillation method and a lasetf oscillation 
1 0 apparatus using a light amplifying fiber in accordance with a first exemplary 

embodiment of the present invention. Fig. IB is a sectional view taken along 

fine IB- IB of Fig. 1A. 

Fig. 1A shows semiconductor lasers 10a and 10b that are excitation 

sources for generating excitation light, and also shows lenses 11a and lib that 
1 5 are optical elements for guiding excitation light to an excitation fight 

waveguide. Light amplifying fiber 20 includes a laser medium in a part 

thereof and has a cross-sectional shape being the same in the direction in which 

a laser is emitted, that is, in the direction of an optical axis. On both ends of 

laser fight amplifying fiber 20, final-stage mirror 12 for reflecting laser light 
20 and output mirror 13 are disposed. Output mirror 13 takes out a part of laser 

light and reflects the rest of the laser light. 

Fig. IB is a sectional view taken along line IB- IB of Fig. 1A. A 

material of light amplifying fiber 20 is glass that transmits excitation fight. 

Light amplifying fiber 20 has a diameter of about 125 \im and has first 
25 waveguide 21 that is an excitation light waveguide. Furthermore, light 

amplifying fiber 20 includes second waveguide 22 having a D-letter shape 

which absorbs excitation light and generates laser light, third waveguide 25 
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which contains silicon as a main component, confines excitation light and has a 
function as a refractive index matching material, and outer layer 26 made of 
glass in which refractive index matching material is filled so as to enhance the 
confining efficiency of the excitation light. The full length of light amplifying 
5 fiber 20 is determined depending upon the absorption coefficient of laser light 
defined by the concentration of a laser medium added to core 23, etc., and a 
cross-sectional shape of second waveguide 22, and the like. The full length is 
usually about 20 meters. 

Furthermore, second waveguide 22 includes core 23 having a diameter 
10 of 6 (im, containing a rare earth element, neodymium, that is a laser medium 
and transmitting a single mode, and clad 24 having a diameter of about 125 
\im, containing glass as a base material and confining laser fight generated by 
excitation. 

The refractive indices of first waveguide 21, clad 24 of second waveguide 
1 5 22, core 23 of second waveguide 22, third waveguide 25 and outer layer 26 are 
respectively denoted by nl, n2, n3, n4 and n5 are set to satisfy the relation" n5 < 
nl< n4 < n2 < n3. 

On both ends of first waveguide 21, lenses 11a and lib, and 
semiconductor lasers 10a and 10b are disposed, respectively, and excitation 
20 light is allowed to enter first waveguide 21, respectively. On the other hand, 
on both ends of core 23, final-stage mirror 12 and output mirror 13 are disposed 
facing each other. Final-stage mirror 12 feeds back the laser fight generated in 
core 23 and output mirror 13 transmits a part of the laser light. 

The operation of laser oscillation apparatus 10 configured as mentioned 
25 above is described with reference to Figs. 1A and IB. Semiconductor lasers 

10a and 10b that are excitation sources emits laser light with the wavelength of 
808 nanometers excited from neodymium that is one of the rare earth elements 
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when a power source, a cooling apparatus and a control apparatus (which are 
not shown) are operated. The excitation light is respectively collected by- 
lenses 11a and lib that are optical elements in accordance with the 
predetermined numerical aperture (NA), enters first waveguide 21, which is an 
5 excitation light waveguide for transmitting excitation light, from both ends 
thereof and propagates therein. 

When the refractive indices of first waveguide 21 and third waveguide 
25 surrounding first waveguide 21 respectively denoted by nl and n4 satisfy the 
relation- nl < n4, the excitation ligk'- enters third waveguide 25 while it 
1 0 propagates in first waveguide 21. When the refractive indices of outer layer 26 
and third waveguide 25 respectively denoted by n5 and n4 satisfy the relation^ 
n5 < n4, the excitation light entering third waveguide 25 is confined in third 
waveguide 25 and propagates in third waveguide 25 while undergoing multiple 
reflection. 

1 5 When the refractive indices of clad 24 of second waveguide 22 and third 

waveguide 25 respectively denoted by n2 and n4 satisfy the relation- n2 > n4, a 
part of the excitation light propagating in third waveguide 25 enters clad 24, is 
confined in second waveguide 22 and propagates in second waveguide 22 while 
undergoing multiple reflection. 

20 When the refractive indices of core 23 and clad 24 of second waveguide 

22 respectively denoted by n3 and n2 satisfy the relation- n3 > n2, a part of the 
excitation light propagating in the second waveguide enters core 23. Since the 
cross-sectional shape of clad 24 of second waveguide 22 is a D-letter shape, the 
excitation fight is absorbed by core 23 entirely and excites neodymium, one of 

25 the rare earth elements, that is a laser medium while multiple reflection is 
repeated inside clad 24. 

The excitation fight entering from both ends of first waveguide 21 
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propagates in second waveguide 22 while it is attenuated in this absorption 
process, and then is absorbed by neodymium in core 23 to excite neodymium. 
Light generated by excitation undergoes multiple amplification feedback and 
mode selection by final-stage mirror 12 and output mirror 13, which are 
5 disposed at both ends of core 23, and core 23 for transmitting a single mode, is 
converted into a single mode laser light with the wavelength of 1064 
nanometers and is emitted from the side of output mirror 13. 

Final-stage mirror 12 and output mirror 13 for feeding back laser light 
t may be FBG (Fiber Bragg Grating) capable of selecting the reflectance at the 

1 0 wavelength or Fresnel reflection on fiber end face. Furthermore, a refractive 
index matching solution containing glycerin as a main component may be 
employed instead of a refractive index matching material. The excitation fight 
is allowed to enter from both ends of first waveguide 21, but the excitation light 
may be allowed to enter from one end thereof. Light amplifying fiber 20 

1 5 including one first waveguide was employed but fight amplifying fiber 20 
including a plurality of first waveguides may be employed. 

As mentioned above, by using light amplifying fiber 20 including second 
waveguide 22 provided with a core for transmitting a single mode and first 
waveguide 21 for transmitting excitation light so that the excitation fight can 

20 enter core 23, it is possible to provide a laser oscillation apparatus capable of 
emitting high output and high beam quality laser light. 
(SECOND EXEMPLARY EMBODIMENT) 

Fig. 2A illustrates a laser oscillation method and a laser oscillation 
apparatus using a light amplifying fiber in accordance with a second exemplary 

25 embodiment of the present invention. Fig. 2B is a sectional view taken along 
line 2B-2B of Fig. 2A. The same reference numerals are given to the same 
configuration as in the first exemplary embodiment. 
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The second exemplary embodiment is different from the first exemplary 
embodiment in that outer layer 29 of light amplifying fiber 28 has a horseshoe 
shape and that fluororesin is employed as a material. Furthermore, the 
second exemplary embodiment is different from the first exemplary 
5 embodiment in that one end of semiconductor laser 15 that is an excitation 
source is connected to one end of fiber 16 and another end of fiber 16 is 
connected to first waveguide 21 for transmitting excitation light. 
Furthermore, the second exemplary embodiment is different from the first 
exemplary embodiment in that the cross-sectional shape of third waveguide 27 

1 0 is made to be D-letter shape and as the material of the third waveguide 27, 
ultraviolet curable resin is employed; that a part of third waveguide 27 is 
protruded from outer layer 291 and in addition, that a curve portion of second 
waveguide 22 is disposed facing a linear portion of third waveguide 27. With 
such a configuration, lenses 11a and lib employed in the first exemplary 

1 5 embodiment (Figs. 1A and IB) can be omitted. 

The operation of the laser oscillation apparatus configured as 
mentioned above is described. In Figs. 2A and 2B, excitation light with the 
wavelength of 808 nanometers emitted from semiconductor laser 15 provided 
with a fiber propagates in fiber 16 and enters first waveguide 21. The 

20 excitation fight propagates in first waveguide 21 and enters third waveguide 27. 
The refractive index (n4) of third waveguide 27 is selected to be larger than that 
of outer layer 29 made of fluororesin and the refractive index of the linear 
portion of third waveguide 27 protruded from outer layer 29 is selected to be 
larger than that of surrounding medium (for example, the air). 

25 Under such conditions, the excitation light propagates in a state in 

which it is confined in third waveguide 27. Furthermore, since the cross 
sectional shape of third waveguide 27 is D-letter shape, most of the excitation 
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light is absorbed by second waveguide 22 to excite neodymium while multiple 
reflection is repeated in third waveguide 27. Light generated by excitation 
undergoes multiple amplification feedback and mode selection by final-stage 
mirror 12 and output mirror 13, which are disposed at both ends of core 23, and 
5 core 23 for transmitting a single mode, is converted into a single mode laser 
light and is emitted from output mirror 13. Note here that in the present 
invention, the core diameter of the second waveguide generating laser light is 
selected to have a size for transmitting a single mode. The size is set to be in a 
. range of 6 \im to 20 (jm, preferably in a range of 10 jxm to 13 \im. . - 
1 0 In the second exemplary embodiment, a portion of third waveguide 27 

facing the curve portion of second waveguide 22 is made to be a linear portion. 
However, these shapes may be arbitrarily set and the arrangement in which 
these are facing may be varied. 

A laser oscillation apparatus provided with final-stage mirror 12 and 
1 5 output mirror 13 on both ends of second waveguide 22 was configured. 

However, a laser amplifying apparatus may be configured in which instead of 
providing final-stage mirror 12 and output mirror 13, seed light that is a seed of 
laser amplification is allowed to enter from an end face of second waveguide 22, 
amplified by excitation and allowed to be emitted from another end of second 
20 waveguide 32. 

As mentioned above, by using light amplifying fiber 28 including second 
waveguide 22 having a core for transmitting a single mode and first waveguide 
21 for transmitting excitation light so that the excitation light can enter the 
core, it is possible to provide a laser oscillation apparatus for efficiently emitting 
25 high output and high beam quality laser fight. 
(THIRD EXEMPLARY EMBODIMENT) 

Fig. 3A illustrates a fight amplifying method and a laser amphfying 
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apparatus using a light amplifying fiber in accordance with a third exemplary 
embodiment of the present invention. Fig. 3B is a sectional view taken along 
line 3B-3B of Fig. 3A. Fig. 3C is a sectional view taken along line 303C of Fig. 
3A. 

5 Figs. 3A, 3B and 3C show semiconductor laser 14 that is an excitation 

source emitting laser light with the wavelength of 915 nanometers and lens 11 
that is an optical element for guiding excitation light to an excitation light 
waveguide. Furthermore, light amplifying fiber 30 containing a laser medium 
in a part thereof is provided. Furthermore, Figs. 3A, 3B and 3C show first 

1 0 waveguide 31 that is an excitation light waveguide, which is made of glass, has 
a diameter of 125 \xm and transmits excitation light. Figs. 3A, 3B and 3C also 
show second waveguide 32 having a D-letter shaped cross-section in the 
direction perpendicular to an optical axis and which absorbs excitation light 
and generates laser light, third waveguide 35 which confines excitation light 

1 5 and contains a refractive index matching material, and outer layer 36 made of 
glass and which is filled with a refractive index matching material to enhance 
the confining efficiency of excitation light. 

Furthermore, the cross-sectional shape of first waveguide 31 in the 
longitudinal direction is substantially circular and has a taper the cross- 

20 sectional area of which is gradually decreased along the direction of the optical 
axis. Second waveguide 32 contains a rare earth element, ytterbium, that is a 
laser medium inside thereof and includes core 33 having a diameter of 6 \im 
and transmitting a single mode and clad 34 containing glass as a base material, 
having a diameter of about 125 \xm and confining laser light generated by 

25 excitation. 

The refractive indices of first waveguide 31, clad 34 of second waveguide 
32, core 33 of second waveguide 32, third waveguide 35 and outer layer 36 
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respectively denoted by n31, n32, n33, n35 and n36 are set to satisfy the 
relation: n36 < n31 < n35 < n32 < n33. 

The operation of the laser amplifying apparatus configured as 
mentioned above is described. Semiconductor laser 14 that is an excitation 
5 source emits laser light with the wavelength of 915 nanometers that is 

excitation light of ytterbium by operating a power source, a cooling apparatus 
and a control apparatus (which are not shown). This excitation light is 
collected by lens 11 that is an optical element in accordance with a 

± predetermined numerical, aperture (NA) and-enters first waveguide 31, which is 

1 0 an excitation light waveguide for transmitting excitation light, from both ends 
thereof and propagates therein. 

Since first waveguide 31 has a taper the sectional area of which is 
gradually decreased in the direction of an optical axis, as compared with a 
circular shaped waveguide having the same cross-section along a laser optical 

1 5 axis, a larger numerical aperture (NA) can be obtained. 

When the refractive indices of first waveguide 31 and third waveguide 
35 surrounding first waveguide 31 respectively denoted by n31 and n35 satisfy 
the relation^ n31 < n35, the excitation light propagates in first waveguide 31 
and enters third waveguide 35. At this time, since first waveguide 31 has a 

20 gradually decreasing taper shape, the excitation light gradually increases its 
incident angle to third waveguide 35 as it propagates in first waveguide 31. 

Thus, as compared with a circular waveguide having the same cross 
section along the direction of a laser optical axis, the excitation light enters 
third waveguide 35 in a shorter distance. When the refractive indices of outer 

25 layer 36 and third waveguide 35 respectively denoted by n35 and n36 satisfy 
the relation: n36 < n35, the excitation light is confined in third waveguide 35 
and propagates in third waveguide 35 while undergoing multiple reflection. 
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When the refractive indices of clad 34 of second waveguide 32 and third 
waveguide 35 respectively denoted by n32 and n35 satisfy the relation' n32 > 
n35, a part of the excitation light propagating in third waveguide 35 enters clad 
34 is confined in second waveguide 32, and propagates in second waveguide 32 
5 while undergoing multiple reflection. 

When the refractive indices of core 33 and clad 34 of second waveguide 
32 respectively denoted by n33 and n32 satisfy the relation- n33 > n32, a part of 
the excitation light propagating in second waveguide 32 enters core 33. At this 
time, While multiple reflection is repeated inside clad 34-of second waveguide 
10 32, all the excitation light is absorbed by core 33 to excite ytterbium that is a 
laser medium. 

The excitation light entering first waveguide 31 propagates in second 

waveguide 32 while it is attenuated in this absorption process, then is absorbed 

by ytterbium in core 33 to excite ytterbium. On the other hand, seed light that 
15 is a seed of laser amplification enters second waveguide 32 from one end face 

thereof. The entering seed light is amplified by excitation and emitted from 

another end of second waveguide 32. 

Note here that in the third exemplary embodiment, the cross-sectional 

shape of second waveguide 32 is made to be D-letter shape, but may be 
20 rectangular. Furthermore, similar to the first exemplary embodiment, a 

refractive index matching solution other than the refractive index matching 

material may be employed. 

As mentioned above, by employing light amplifying fiber 30 including 

second waveguide 32 having a core for transmitting a single mode and first 
25 waveguide 31 having a taper the cross-section of which is gradually decreased 

along the direction of an optical axis and transmitting excitation fight so that 

the excitation fight can enter the core, it is possible to provide a laser 
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amplification apparatus capable of emitting high output and high beam quality 
laser light. 

(FOURTH EXEMPLARY EMBODIMENT) 

Fig. 4A illustrates a light amplifying method and a laser amplifying 
5 apparatus using a light amplifying fiber in accordance with a fourth exemplary 
embodiment of the present invention. Fig. 4B is a sectional view taken along 
line 4B-4B of Fig. 4A. Fig. 4C is a sectional view taken along line 404C of Fig. 
4A. In the fourth embodiment, the same reference numerals are given to the 
same configuration as in the third exemplary embodiment. 

1 0 The fourth exemplary embodiment is different from the third exemplary 

embodiment in that first waveguide 31 is tilted in the direction of a laser optical 
axis and that the shape of third waveguide 45 is changed accordingly. 
Furthermore, the fourth exemplary embodiment is different from the third 
exemplary embodiment in that semiconductor laser 14 and lens 11 are tilted 

1 5 along the direction of the laser optical axis so that excitation fight enters from 
the front surface of first waveguide 31. 

In Figs. 4A and 4B, first waveguide 31 is disposed tilting in the 
direction of a laser optical axis so that the minimal distance h between first 
waveguide 31 and second waveguide 32 is constant in the direction of the laser 

20 optical axis in fight amplifying fiber 40. That is to say, first waveguide 31 has 
a taper the cross-section of which is gradually decreased in the direction of an 
optical axis. Furthermore, semiconductor laser 14 and lens 11 are tilted in the 
direction of the laser optical axis so that excitation fight enters from the front 
surface of first waveguide 31. 

25 The operation of the laser oscillation apparatus configured as 

mentioned above is described. The excitation light emitted from 
semiconductor laser 14 that is an excitation source propagates in first 
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waveguide 31 and enters third waveguide 45. At this time, since a cross- 
sectional area of first waveguide 31 has a taper shape gradually decreasing in 
the direction of an optical axis and the minimal distance h between first 
waveguide 31 and second waveguide 32 is kept constant, even if the excitation 
5 light propagates in first waveguide 31, the energy is not attenuated and can be 
efficiently confined in second waveguide 32 so as to excite ytterbium. On the 
other hand, a seed light that is a seed of laser amplification enters second 
waveguide 32 from one end face thereof. The entering seed light is amplified 
by excitation as mentioned above and is emitted from another end of second * 

10 waveguide 32. 

Note here that a surrounding medium that is brought into contact with 
outer layer 36 is the air. However, on the outer circumference of outer layer 
36, for example, a resin layer having a refractive index smaller than refractive 
index n36 may be provided. 

1 5 As mentioned above, by employing a fiber including a waveguide 

provided with a core for transmitting a single mode and a gradually decreased 
taper shaped waveguide for transmitting excitation fight so that the excitation 
fight can enter the core, it is possible to provide a laser amplifying apparatus for 
emitting high output and high beam quality laser light. 

20 (FIFTH EXEMPLARY EMBODIMENT) 

Fig. 5 illustrates a laser oscillation method, a light amplifying method 
and a laser apparatus using a fight ampfifying fiber in accordance with a fifth 
exemplary embodiment of the present invention. This exemplary embodiment 
is characterized in that laser oscillation apparatus 51, laser amplifying 

25 apparatus 52 and laser amplifying apparatus 53 are connected in series to form 
a multi-stage configuration. Laser oscillation apparatus 51 is provided with 
final-stage mirror 12 and output mirror 13. However, laser amplifying 
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apparatuses 52 and 53 are not provided with these mirrors. 

The operation of the laser oscillation apparatus configured as 
mentioned above is described. Excitation light with the wavelength of 808 
nanometers emitted from semiconductor laser 15 that is an excitation source is 
5 induced to fiber 16 and enters light amplifying fiber 28. Thereafter, the laser 
oscillation apparatus together with final-stage mirror 12 and output mirror 13, 
which are feedback means, emit laser light with the wavelength of 1064 
nanometers. Furthermore, this laser light enters the second waveguide (not 
shown) of next-stage fight amplifying fib&r 28. This entering laser light is 

1 0 amplified by semiconductor laser 15b and enters a second waveguide (not 
shown) of next-stage light amplifying fiber 28c. This entering laser fight is 
amplified by semiconductor laser 15c and emitted. 

Note here that a method for allowing laser light emitted from laser 
oscillation apparatus 51 to enter the second waveguide of fight amplifying fiber 

1 5 28b of laser amplifying apparatus 52 in the next stage and a method for 

allowing the laser light to enter the second waveguide of light amplifying fiber 
28c of laser amplifying apparatus 53 in the further next stage may employ 
space transmission using a lens or fiber transmission. At this time, one end of 
fiber 16b is connected to laser oscillation apparatus 51 and another end to laser 

20 amplifying apparatus 52, respectively. Desirably, they are connected by 

fusion. It is desirable because the connection reliability is further enhanced. 
Furthermore, one end of fiber 16c may be connected to laser amplifying 
apparatus 52 and another end may be connected to laser amplifying apparatus 
53. 

25 Laser oscillation apparatus based on a second waveguide including 

laser oscillation apparatus 51 and laser amplifying apparatuses 52 and 53 may 
be configured. Note here that by mounting the laser apparatus of the fifth 
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exemplary embodiment on a laser processing apparatus to collect emitted light, 
laser processing such as welding or cutting can be carried out and a laser 
processing apparatus can be provided, and thus can be used for various kinds of 
facilities. 

5 As mentioned above, by configuring a second waveguide having a core 

for transmitting a single mode and a first waveguide for transmitting excitation 
light so that excitation light can enter the core, and by connecting laser 
oscillation apparatus 51 using fibers 16, 16b and 16c and laser amplifying 
apparatuses 52 and 53 in series, it is possible to provide a laser apparatus 
1 0 capable of emitting high output and high beam quality laser light. 
(SIXTH EXEMPLARY EMBODIMENT) 

Fig. 6A illustrates a laser oscillation method and a laser apparatus 
using a light amplifying fiber in accordance with a sixth exemplary embodiment 
of the present invention. Fig. 6B is a sectional view taken along line 6B-6B of 
1 5 Fig. 6A. The sixth exemplary embodiment is different from the first and 

""second exemplary embodiments in that light amplifying fiber 60 includes four 
first waveguides 21 for transmitting excitation light and they are configured so 
as to surround second waveguide 62 and that at one end of core 63 containing 
neodymium that is a laser medium for generating laser light, FBG (Fiber Bragg 
20 Grating) reflecting the laser fight is provided and at another end of core 63, 
FBG (Fiber Bragg Grating) transmitting a part of the laser fight is provided. 

The operation of the laser oscillation apparatus configured as 
mentioned above is described. Excitation light emitted from semiconductor 
laser 15 having fibers propagates in fiber 16 and enters first waveguide 21. 
25 The excitation light propagates in first waveguide 21 and then enters third 

waveguide 65. The entering light is absorbed by second waveguide 62 to excite 
neodymium while the entering light repeats multiple reflection inside third 
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waveguide 65. Light generated by excitation undergoes multiple amplification 
feedback and mode selection by the FBGs provided at both ends of core 63 and 
core 63 for transmitting a single mode, is converted into a single mode laser 
light and the single mode laser light is emitted from the end face of light 
5 amplifying fiber 60. 

Note here that the shapes and refractive indices of four first waveguide 
21 are made to be the same but they may be different from each other. In any 
case, the refractive indices nl of four first waveguide 21 are set to be smaller 
than the refractive index n4 of third waveguide 65. Note here that four first 

10 waveguides 21 need not be disposed at equal distance with respect to core 63. 

As mentioned above, by employing fight amplifying fiber 60 including 
second waveguide 62 provided with core 63 for transmitting a single mode and 
a plurality of first waveguides 21 for transmitting excitation fight so that 
excitation light can enter core 63 simultaneously, it is possible to provide a laser 

1 5 oscillation apparatus capable of efficiently emitting high output and high beam 
quality laser light. 

(SEVENTH EXEMPLARY EMBODIMENT) 

Fig. 7A illustrates a laser oscillation method and a laser oscillation 
apparatus using a light amplifying fiber in accordance with a seventh 
20 exemplary embodiment of the present invention. Fig. 7B is a sectional view 
taken along line 7B-7B of Fig. 7A. Fig. 7C is a sectional view taken along line 
7C-7CofFig. 7A. 

Figs. 7A, 7B and 7C show semiconductor lasers 95a, 95b and 95c that 
are excitation sources of excitation light with the wavelength of 808 
25 nanometers. Furthermore, Figs. 7A, 7B and 7C show excitation light 

transmitting fibers 77a, 77b and 77c for transmitting excitation light and 
further show excitation fight transmitting fiber cores 777d, 77e and 77f. 
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Furthermore, light amplifying fiber 70 includes neodymium that is a 
laser medium in a part thereof. In the longitudinal direction of light 
amplifying fiber 70, idle regions 81a, 81b and 81c for transmitting excitation 
light are formed and filling regions 82a and 82b for filling excitation light in the 
5 waveguide having a laser medium are formed. 

Idle regions 81a, 81b and 81c are excitation fight waveguides for 
transmitting excitation light. These excitation light waveguides include first 
waveguide 71 made of quartz glass and provided with excitation light 
transmitting fiber core 73 -second waveguide 72 containing glass as a base * 
1 0 material and absorbing excitation light to generate laser light, third waveguide 
75 made of~ultraviolet curable resin and confining excitation fight, and outer 
layer 76 made of glass and disposed surrounding third waveguide 75 for 
enhancing the confining efficiency of excitation light. 

Filling regions 82a and 82b include second waveguide 72 for absorbing 
1 5 excitation fight and generating laser light, third waveguide 75 for confining 

excitation light and outer layer 76 for enhancing the confining efficiency of third 
waveguide 75. 

Furthermore, second waveguide 72 includes core 73 containing a rare 
earth element, neodymium, that is a laser medium and transmitting a single 
20 mode and clad 74 containing glass as a base material and confining laser light. 

The refractive indices of first waveguide 71, clad 74 of second waveguide 
72 and core 73 of second waveguide 72 and waveguide 75 respectively denoted 
by n71, n72, n73, n74 and n75 are set to satisfy the relation: n75 < n71< n74 < 
n72 < n73. 

25 Meanwhile, both ends of core 73 are provided with high reflecting FBG 

78 for feeding back laser light generated in core 73 and transmission FBG 79 
transmitting a part of laser fight. 
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Excitation light transmitting fibers 77a, 77b and 77c penetrate outer 
layer 76 and excitation light transmitting fiber cores 77d, 77e and 77f are 
connected to third waveguide 75. 

Excitation light transmitting fibers 77d, 77e and 77f are disposed at 
5 predetermined intervals. Among them, excitation fight transmitting fiber core 
77e and excitation fight transmitting fiber core 77f are disposed opposing to 
each other. 

The operation of the laser oscillation apparatus configured as 
mentioned above is described. Laser* light with the wavelength of 808 
1 0 nanometers emitted from semiconductor laser 95a is transmitted through 
excitation light transmitting fiber core 77a and excitation light transmitting 
fiber core 77d and enters third waveguide 75 in idle region 81a of light 
amplifying fiber 70. 

The excitation light entering third waveguide 75 enters filling region 
1 5 82a of light amplifying fiber 70. Since the refractive indices of outer layer 76 
and third waveguide 75 respectively denoted by n76 and n75 satisfy the 
relation* n76 < n75, the excitation light is confined in third waveguide 75 and 
propagates in third waveguide 75 while undergoing multiple reflection. 

Since the refractive indices of clad 74 of second waveguide 72 and third 
20 waveguide 75 respectively denoted by n72 and n75 satisfy the relation' n72 > 

n75, a part of the excitation light propagating in third waveguide 75 enters clad 
74, is confined in second waveguide 72 and propagates in second waveguide 72 
while undergoing multiple reflection. 

Since the refractive indices of core 73, and clad 74 of second waveguide 
25 72 respectively denoted by n73 and n72 satisfy the relation' n73 > n72, a part of 
the excitation light propagating in second waveguide 72 enters core 73. 

That is to say, all the excitation light is present in third waveguide 75 



22 

in idle region 81a, and present in third waveguide 75 and second waveguide 72 

in filling region 82b. 

Similarly, laser light with the wavelength of 915 nanometers emitted 

from semiconductor laser 95b is transmitted through excitation light 
5 transmitting fiber core 77b and excitation light transmitting fiber core 77e and 

enters third waveguide 75 in idle region 81b of light amplifying fiber 70. 

Excitation light entering third waveguide 75 enters filling region 82b of 

light amplifying fiber 70. Since the refractive indices of outer layer 76 and clad 

-74 of second waveguide 72 respectively denoted by n76 and n72 satisfy the 
1 0 relation- n76 < n72, a part of the excitation light is confined in third waveguide 

75 and propagates in third waveguide 75 while undergoing multiple reflection. 

This means that an idle region in which excitation fight entering third 

waveguide 75 propagates and moves to 22nd waveguide 72 and no excitation 

light is present in third waveguide 75 is provided. 
1 5 Since the refractive indices of clad 74 of second waveguide 72 and third 

waveguide 75 respectively denoted by n72 and n75 satisfy the relation^ n72 > 

n75, a part of the excitation light propagating in third waveguide 75 enters clad 

74, is confined in second waveguide 72 and propagates in second waveguide 72 

while undergoing multiple reflection. 
20 Since the refractive indices of core 73 and clad 74 of second waveguide 

72 respectively denoted by n73 and n72 satisfy the relation: n73 > n72, a part of 

the excitation light propagating in the second waveguide 72 enters core 73. 

That is to say, all the excitation light is present in third waveguide 75 

in idle region 81b, and present in third waveguide 75 and second waveguide 72 
25 in filling region 82b. 

Furthermore, laser light with the wavelength of 808 nanometers 

emitted from semiconductor laser 95c is transmitted through excitation fight 
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transmitting fiber core 77c and excitation light transmitting fiber core 77f and 
enters third waveguide 75 in idle region 81c of fight amplifying fiber 70. 

Excitation light entering third waveguide 75 enters filling region 82b of 
light amplifying fiber 70. Since the refractive indices of outer layer 76 and 
5 third waveguide 75 respectively denoted by n76 and n75 satisfy the relation- 
n76 < n75, the excitation fight is confined in third waveguide 75 and propagates 
in third waveguide 75 while undergoing multiple reflection. 

Since the refractive indices of second waveguide 72 and third waveguide 
. 75 respectively denoted by n72 and n75 satisfy the relation- n/72 > n75, a part of 
1 0 the excitation light propagating in the third waveguide 75 enters clad 74, is 
confined in second waveguide 72 and propagates in waveguide 72 while 
undergoing multiple reflection. 

Since the refractive indices of core 73 and clad 74 of second waveguide 
72 respectively denoted by n73 and n72 satisfy the relation- n73 > n72, a part of 
1 5 the excitation light propagating in second waveguide 72 enters core 73. 

That is to say, all the excitation light is present in third waveguide 75 
in idle region 81c, and present in third waveguide 75 and second waveguide 72 
in filling region 82b. 

As mentioned above, each excitation light emitted from semiconductor 
20 lasers 95a, 95b and 95c enters core 73 and excites ytterbium added to core 73. 
Light generated by excitation undergoes multiple amplification feedback and 
mode selection by high reflecting FBG 78 for feeding back laser light and 
transmission FBG 79 transmitting a part of laser fight, which are disposed at 
both ends of core 73, and core 73 for transmitting a single mode, and is 
25 converted into a single mode laser light with the wavelength of 1064 

nanometers and the single mode laser light is emitted from light amplifying 
fiber 70. 
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Note here that laser light is emitted from one end of light ampUfying 
fiber 70. However, by allowing high-reflection FBG 78 to be partially 
transmission type, laser light may be emitted from both ends and an output 
from one of the ends may be used as a monitor for output and wavelength. 
5 Furthermore, in the seventh exemplary embodiment, FBG is provided 

on the end portion of the light ampUfying fiber. However, FBG may be 
provided in a filling region and the filling region may be divided into three 
regions, that is, a filing region, an idle region and a filling region. Laser 
apparatus may include laser oscillation region including a pair of high < 

1 0 reflecting FBG and transmission FBG and other laser amplification region. 

As mentioned above, by configuring fight amplifying fiber 70 including 
second waveguide 72 provided with a core for transmitting a single mode and 
first waveguide 71 for transmitting excitation fight so that idle region and 
filling region are provided and excitation light can enter the core, it is possible 

15 to provide a laser oscillation apparatus capable of emitting high output and 
high beam quality laser fight. 

INDUSTRIAL APPLICABILITY 

A light amplifying fiber, and a light amplifying method, a laser 
20 oscillation method, a laser amplifying apparatus and a laser oscillation 

apparatus using the light amplifying fiber, as well as a laser apparatus and a 
laser processing machine using the laser oscillation apparatus according to the 
present invention have a high industrial applicability as a laser apparatus, and 
the like, for emitting high output and high beam quality laser light. 



